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Abstract
A superlattice (SL) is a periodic structure of layers of two (or more) materials. They are typically
only a few nanometers thick (individual layers), and were discovered in the early 20th century.
There are three different types of division for the miniband structures of the SL, type I, type II
and type III. Type I heterostructure SL is a heterostructure where the bottom of the conduction
band and the top of the valence band are formed in the same semiconductor layer. In type II, the
conduction and valence band are staggered in both real and reciprocal space, so that electrons
and holes are confined in different spaces. These particular devices are to be used in infrared
devices and have been known to be designed in focal plane arrays and other designs for this use.
The particular assignment was to find the band gap using simulation through Optel ZB 2011
software that would provide an initial guess on the SL design parameters before the growth was
carried out. There were major problems that had to be addressed while simulating certain factors
that we looked for in our tested quantum well (QW) and SL systems in GaAs/GaAlAs,
InAs/GaInSb, InAs/GaSb and InAsN/GaInSb. Finally a comparison of the simulated and
experimental data indicates that the lack of room temperature simulation as well as the inability
to incorporate interfacial layers of sub monolayer thicknesses are some of the major limitations
of this software.
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CHAPTER 1
Introduction
1.1 Superlattices and Quantum Wells
If you make a heterostructure with sufficiently thin layers, quantum interference effects
begin to appear prominently in the motion of the electrons. The simplest design in which these
may be seen is a QW, which basically consists of a thin layer of a narrow-gap semiconductor
between thicker layers of a wider-gap material. A QW is a potential well with only discrete
energy values. An example of creating such technology would be to make particles which were
originally free to move in three dimensions confined to two dimensions so that they are thus
forced to occupy a planar region. They also allow for petite, fast, and efficient optical electronic
equipment such as optic lasers and detectors. A structure consisting of alternating layers of two
different semiconductor materials, each several nanometers thick, constructed usually of several
QWs is called a SL. Some uses of SL are in infrared devices; they help determine the wavelength
of the device that is being built.
The use of SL in infrared technology has been quite prevalent, from the HgCdTe group
II-VI that is used in everything in the military from spectroscopy to space based communication.
Some of the basic problems that occur in HgCdTe are poor compositional uniformity, thermal
instability, it is sensitive to elevated temperatures, and is a weakly bound II-VI compound with
processing problems caused by native defects that limit the performance, cost and yield. That is
why it is essential to not only expand this technology but to improve the existing technology by
researching different materials that could possibly replace the one that has been so dominant. As
of right now one of those candidates appears to be InAs/GaInSb or InAs/GaSb which are in the
group III-V category and there for have a stronger bond than the group II-VI HgCdTe material.
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There are also other factors that make InAs/GaInSb a better material to work with in infrared
technology, most of which will be discussed later on in small details within this paper. The data
that was obtained for this paper came from the simulation software known simply as Optel ZB
2011, in an effort to prove that InAs/GaInSb and InAsN/GaInSb are better materials.
1.2 Applications and Materials: An Initial Approach
The main application of the materials used in this thesis is for infrared photo detectors. They
can be used in a lot of military applications, they can be thought of as transducers that convert IR
radiation into an electrical signal. Infrared radiation is the electromagnetic energy that covers the
wavelength region of 1 to 1000 µm. The characteristic of this radiation is that it does not
penetrate metals and passes through many crystalline, plastic, and gaseous materials including
the earth’s atmosphere. Usually infrared is divided into four parts, near infra-red, mid infrared,
long- wavelength infrared region and very long wavelength-infrared region and we will focus on
the latter two in this thesis. Long-wavelength infrared region is from 1 to 30 µm, far-infrared
region is greater than 30 µm, and these devices are also usually classified as thermal or photonic
devices. In thermal devices absorption of light raises the temperature; this in turn changes some
temperature-dependent parameters such as electrical conductivity. In photon detectors,
absorption of long-wavelength radiation directly results in some specific quantum events, such as
the photoelectric emission of electrons from a surface. Affected are electronic interband
transitions in semiconductor materials. Photon detectors output are therefore governed by the
absorption of photons and not directly on the photons’ energy.
There have been several key things that have been achieved over the years in these types
of infrared detectors; they would include experimental and theoretical goals ranging from the
first detection of infrared radiation, fast response QW detectors, 1% quantum efficiency, high-

5

detectors, and to the origin of the blue shift in the intersubband transitions. One material system
that has been extensively studied in literature is GaAs/GaAlAs system, [1]. Multiple QW
heterostructure of this material is the mechanism for gaining long-wavelength infrared radiation
absorption in the intersubband transition between the ground state and the first excited state of
the QWs. The energy separation between these levels is determined by the size of the QW, and
this theoretically will go to zero for very thick wells. One of the more promising designs exploits
a bound-to-extended state transition as the optical excitation mechanism for the infrared detector.
In these designs, bound-to-extended state multiple QW detectors there are two intersubband
states that are built by design in the QWs. One state is bound in the QW and the second state is
just above the potential barrier surrounding the well. One can accomplish this by narrowing the
width of a QW that has two bound states. While the well width is decreased, the upper bound
state moves toward the top of the well and eventually will lay above the potential barrier formed
by the GaAlAs conduction band minimum. Now becoming unbound, this state of the QW now
forms in the classical continuum. Stronger dipole oscillator strength of the excited state greatly
enhances the bound-to-continuum state absorption. This however doesn’t matter if the GaAs
wells are undoped, the ground state is not occupied by electrons, and no photon absorption can
occur. This absorption strength is dependent on the number of electrons in the ground state and
number of unoccupied excited states. By heavily doping the GaAs layers with the addition of
silicon it is doped n-type and the ground states are filled. In some of the reading, and [1, 2], it
can be shown for a transition of approximately 12.5 µm that a number of QW detector structures
with different Al content in the barriers and multiple well thicknesses can be created to have this
range. InAs/GaInSb is another material system, [3, 4], that was proposed by Mailhoit and Smith
as an alternate candidate for long-wavelength infrared detection, as this material system forms a
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type II SL and is considered to have staggered band alignments, similar to that of InAs/GaSb.[5]
With an unusual band lineup, the SL can have a band gap smaller than that of either constituent
material. Also because of this band lineup, the electrons and holes tend to localized in different
material layers, electrons in the InAs and the holes in the GaInSb. The result of the electron-hole
wave function overlap, is an optical matrix element for infrared absorption that decreases rapidly
with the increasing SL period. Alloying GaSb with InSb does something that one can’t do with
InAs/GaSb it allows small band gaps to be achieved with thinner material layers in InAs/GaInSb,
(d < 25 A), thereby increasing the electron-hole overlap,[3]. Also alloying GaSb with InSb
increases the lattice constant of the material and causes a small lattice mismatch, between the
GaInSb and InAs layers because of this small mismatch, alternating epilayers can be grown
coherently as the layers are strained to the same lattice constant at the growth interface. The
strain between the InAs and GaInSb SL layers shifts the band edges such that the energy gap is
reduced. The band gap formed between electron states, in the strained SL, split upward from the
InAs conduction band and the heavy-hole states split downward from the GaInSb valence
band.[4] The advantage that the reduced band gap brings is longer cutoff wavelengths that can
be obtained with reduced layer thickness in the strained SL which leads to higher optical
absorption coefficients. Tailoring of the SL band gap to energies suitable for long wavelength
infrared detectors is possible by adjusting the layer thickness and the GaInSb alloy composition.
1.3 Optel ZB 2011
This next section will give a brief general description of the software that was used to
characterize the compound semiconductors used for infrared devices for this thesis. The goal the
Optel ZB 2011 software is to, “calculate electronic energy levels layered semiconductor
heterostructures” [6], it is used to evaluate optical matrix elements for interband modifications
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and to get electronic assets of QW, SL, resonant tunneling (RT) semiconductor structures. The
items that were to be characterized and help in the characterization was the band gap of the
material, which we calculated on either the SL or QW and modified in the system by changing
the material composition, length of device, or strain that is in the device. Assuming that the
energy of the electronic band structures in the bulk semiconductors are known the concern when
it comes to the software is then focused on the calculations of the electronic properties for the
compound structure. “In periodic lattice, the electron’s wave functions are written in terms of
cell-periodic functions multiplied by slowly varying envelope functions; this is a consequence of
Bloch’s theorem and the periodicity of the of the atomic potentials. Here we shall assume that
the energy band parameters (material parameters) at the Brillouin zone center are given, as
parameterized within the 8-band k∙P model based on Kane’s model.” [6] Developed by Dr. L R.
Ram-Mohan, the Optel ZB 2011 software, [6], is an environment for quantum mechanical
calculations of the optical properties of sub-micron layered quantum semiconductor structures
such as QW and SL. It contains computational programs that allows the user to obtain the band
structure and eigenstates of (001) semiconductor QW and SL. Also, included in these
calculations are tunneling transmission coefficients and wave function occupancy in specified
regions of various layered geometries. Any of the direct bandgap III-V and II-VI compound
semiconductors are included in this process. The physical model used is the 8-band model with
parameters defined at the Brillouin zone center and given by optical experiments. Also used 1, 2,
4, 6 (2 conduction +4 valence), or 6 (valence only) bands as desired. Another parameter of the
package that was used was the effects of built-in strain.
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CHAPTER 2
Literature Review
When dealing with homogenous structures, problems rise such as computational
complexity that comes from an alternate structure which effectively increases the size of the
primitive cell that must be considered. To deal with such a problem calculations such as linearcombination-of-atomic-orbitals method is used but another problem rises in the form of
determining the parameters to enter into this equation, giving rise to superimposed atomic
potentials that are generally used as a starting point. [7] They are in fact a rather good
approximation to a true self-consistent potential in a homogenous semiconductors. After looking
at the data in detail it is not unreasonable to go to a calculation of the bands using the same
parameters which are used for the homogeneous system. InAs /GaSb has been extensively
researched because of its interesting property. The conduction band of InAs is lower in energy
than the valence band of GaSb.[8] The same feature has been noted in some of the theoretical
predictions of band positions for all possible combinations in the other materials study in this
particular paper.[7, 9, 10] Measurements of I-V characteristics in the experimental junctions that
were prepared using MBE in, G.A. Sai-Halasz and L. Esaki [7], suggest that the bands are
consistent with the predicted line-up.
Some of the problems that plague far-infrared detectors look as if they will disappear
with the use of SL which show promise in solving some of the inherent problems associated with
HgCdTe alloys type of materials that have been commonly used.[11] SL infrared detectors were
first suggested for the materials of HgTe/CdTe as an alternative to HgCdTe alloys. The major
advantages of SL over bulk HgCdTe are that energy gaps are controlled by layer thicknesses
rather than by compositions, resulting in enhanced uniformity across a wafer. Second the leakage
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currents due to tunneling can be greatly reduced in SL without significant increases in energy
gaps. Proposed material from III-V takes advantage of growth and processing technology by
making it available for applications to wavelength ranges which are unobtainable in bulk III-V.
One of the material suggested in one particular article included InSb/InAsSb.[7] Experiments
thus far reported to reveal far-infrared cutoff wavelengths in InSb/InAsSb SL have involved
relatively thick layers (≥ 75 Ǻ). As a result of these thick layers the optical absorption is
significantly degraded because they increase the spatial separation between electrons and holes
in the SL. Another proposed material is InAs/GaInSb strained-layer SL as being candidates for
far-infrared applications. This material system has type II (staggered) band alignments similar
to the studied InAs/GaSb material system, which is nearly latticed matched. Just like in the
InAs/GaSb, in the InAs/GaInSb material, the InAs conduction-band edge is presumed to be
lower in energy than the GaInSb valence-band edge, with a positive SL energy gap resulting
from quantum confinement of the electrons and holes (when the layers are sufficiently thin).
Strain in the InAs/GaInSb shifts the band edges so that the SL energy gap is reduced. The
advantage of this is that the far-infrared wavelengths can be obtained with reduced layer
thicknesses, this leads to enhanced absorption and transport properties. This brings up the fact
that InAs/GaInSb has both the advantages of the HgTe/CdTe and the InSb/InAsSb without
showing any signs of any of the weaknesses. In the following section I will present an overview
(a deeper look) as to why InAs/GaInSb is a better material over HgCdTe materials.
SL that are made of InAs and GaSb were first looked at for infrared detection in 1978.
Smith and Mailhiot [3] extended the premise to model InAs and InGaSb ternary layers for
infrared detection that is in the long wavelength infrared range. Interest rose for the InAs/GaInSb
material system because these SL materials are essentially the III-V equivalent of HgCdTe
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materials. They have absorption coefficients that are comparable, the cut-off wavelengths can be
continuously adjusted from short wavelength infrared to very long wavelength infrared
(VLWIR), and also possibility for photovoltaic operation .[3] Enhanced detector performance is
the major difference between the two materials in that with the SL the energy band structure, as
well as the band gap can be tailored. There are other advantages over HgCdTe caused by
tailoring the band structure. One in particular is for the very narrow band gaps, these advantages
in the SL are a higher electron effective mass and large separation of the heavy and light-hole
bands to suppress Auger recombination.[3] The shape of the band again makes this material
appealing, with the magnitude of the overlap of the two bands being about 150meV.[3] This
overlap leads to a SL energy band gap that is created via the separation between the confined
hole states in the valence band of GaSb and confined electrons states in the conduction band of
InAs. Formed from this is a direct energy band gap that can be adjusted by widths of the
individual layers. This new band gap is smaller than either the band gap of the InAs or the GaSb
separately; it can also be adjusted from semi-metallic, for wide layers, to several hundred meV
for thin layers.[3] The drawback to this new band gap is that the transitions for holes and
electrons which are confined in separate layers are spatially indirect. In the case of optical
transitions with good oscillator strength, the wave function of the first heavy hole (HH1) state
and the first electron (C1) state need to overlap.[3] This overlap (wave function) is strongest in
SL that are composed of thin layers. The only problem with InAs/GaSb is that for simple designs
wider layers were needed to reach smaller band gaps, or longer infrared wavelengths. Thus the
absorption coefficient would decrease for designs suitable for long wavelength infrared (LWIR)
sensing. This limitation, was found to be detrimental to attractiveness of InAs/GaSb SL as a new
infrared material.[3] It was proposed as a solution to add indium (In) to GaSb to improve the
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absorption coefficient of SL for LWIR sensing applications, by Smith and Mailhiot.[3] This
allowed for thinner layer combinations to be used to create small band gaps, absorption
coefficient was comparable to HgCdTe alloys with the same energy band gap, predicted
absorption coefficient was confirmed, and another improvement is to SL design when strained
lattice balance is considered where the widths of InAs (L) and GaSb (L) did not equal. Maximum
absorption coefficients are possible for a given cutoff wavelength by appropriate designs of the
widths not equal to each other for both materials. The percentage of In in GaInSb layer has a
major impact on the absorption coefficient. Alloying the InSb layer with GaSb causes the lattice
constant of the layer to increase and the SL to be strained.[3] The conduction band on the InAs
side is lowered due to biaxial tension and in the GaInSb biaxial compression causes the heavy
hole to be raised. This means that for fixed layer thicknesses the SL band gap is decreased for
strain. Conversely, the increase in In in GaInSb reduces the layer widths needed to reach a fixed
energy band gap, which thereby increases the optical matrix elements of the infrared absorption.
For InAs/GaSb SL decreasing the width of GaSb to less than 27 Ǻ causes larger interaction of
the electron states in the neighboring InAs layers, rapidly broadening the C1 mini-band and
pushes the bottom edge of this band closer in energy to the HH1 state which decreases the SL
band gap. Beyond giving you the capability of tuning the optical band gap, the InAs/GaInSb SL
structure provides the added capability of energy band structure engineering.[3] Also to note type
II material SL are not limited by tunneling dark currents, SL band structure engineering provides
an opportunity to create a larger energy band gap between the light and heavy holes than the SL
band gap energy. This restructuring suppresses Auger recombination thus enhancing carrier
lifetime. In the following a reinforcement of the InAs/GaInSb as a suitable material for long
wavelength detection applications is presented.
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Demonstrated in article [12] are the infrared detectors made from type II, III-V group,
semiconductor materials showing that they can have favorable properties for long wavelengths
(wavelengths > 10 µm) detection applications. Especially considered is strained InAs/GaInSb
with 40 percent indium, this is a type II SL with the conduction band minimum of InAs is lower
in energy than the valence band maximum of GaInSb. Respectively electrons and holes are
localized, electrons in InAs and holes in GaInSb. There is a general rule of thumb that for type II
materials such as InAs/GaSb, that large absorption coefficients can’t be achieved at small values
of band gap necessary of long wavelength detection because of localization of electrons and
holes in separate adjacent layers leads to small optical matrix elements. Small band gaps and
large optical matrix elements are apparently two mutually exclusive requirements in InAs/GaSb
SL. It was shown that it is possible to achieve large optical absorption coefficients at band gaps
required for long wavelength detection by taking advantage of internal lattice mismatch induced
strains that are presented in InAs/GaInSb SL. The principal problems associated with type II
material are thus eliminated, allowing them to be materials once again that can be used for long
wavelength detector applications.
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CHAPTER 3
Experimental Details
In this section there will be a detailed description of how the individual experiments
where run that includes (but not limited to) computer simulation setup and material
characterization. The computer setup for this system was straight forward in some areas and then
not as clear in other areas. The commands in the command window were the only ones which
were straight forward for running the program as shown in Figure 1.

Figure 1. Command line information that was needed in order to run optel_zb software
This process came straight from the manual along with details on how to change each individual
input file which are the global, layer, and material files. Inputting the files with changing
parameters is the not so straight forward part. Parameters that were of interests to us for
modification in the global file were the band structure model, the temperature, the boundary
condition, and the bound wave functions (along with number of eigenvales for this feature). The
band structure model controls the available band model that will be used by Optel ZB 2011
software. There are a total of 18 models but for the most part for the SL we used the 8 band 8x8
Hamiltonian method which included the conduction band, heavy hole, light hole, and spin orbital
in the final output files. For QW we used the single band Kronig-Penny type of model which
allowed you to individually examine the conduction band, heavy hole, light hole, or the spin
orbital. Not all of the parameters in global were as complicated as the band model. The
temperature for example was mainly run at 004K and 300K, as these two were the temperatures
at which our main material (InAs/GaInSb) was characterized based on the literature survey on
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these and similar QW and SL. The boundary conditions varied depending on the system that was
being run such as QW or SL. The boundary conditions for the majority of the experiment were
set to SL, except in the case during the preliminary testing where we were testing the Optel ZB
2011 software. During these tests we experimented with the QW boundary conditions in order to
try to recreate material and its characteristics from literature in the software. The bounded wave
functions for the most part were left alone, the only change that was made was to the number of
eigenvalues that were calculated which directly correlated to the number of energy levels that
were computed in the SL. For the QW this number was varied by the length of the actual well
itself but it correlated to the maximum number of energy values bound by the particular well that
was being experimented on at any given time. With the number of eigenvalues we started with
10 and eventually reached a few thousands for the SL. After working with the software we came
to realize that this value was too high and eventually settled on using 100 eigenvalues for our
test. The next files are the layer file and the material file. They had very few parameters to
change but were mainly used for material characterization. The parameters for the layer file were
the number of layers that actually constituted one period for the SL and for the QW the number
of layers that the single well was made of. It should be noted that initially we created the number
of layers that was in the total number of periods in the SL until we were advised by the developer
that all we need was one period in order to simulate the entire thing. The previous mentioned
strategy of using the large number of layers leading to a larger number of eigenvalues selected in
global was therefore reduced to a few eigenvalues due to only one period of the SL being
examined.
After setting the starting coordinate for our system and providing a lattice constant,
primarily ours was based on the lattice constant of the material it was being grown on, the next
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task was to construct each individual layer in which one could control several parameters. The
parameters that we mainly focused on were the layer width measured in angstroms, number of
materials which was formed by using binary semiconductors, and the material composition. The
layer width is pretty straight forward as it controls the width of the well, barrier, or component of
your material period by allowing an adjustment in the size. 20 to 60 angstroms are some of the
experimental sizes dealt with during test. The number of materials as suggested could be no
smaller than a binary semiconductor which equaled one, two materials is a ternary system and
comprised of two binary semiconductors placed together, and so on to create larger
combinations. Each part of the material was then given a percentage amount and you either had
100% for a single binary semiconductor example being GaAs or you had a split such as 70 %
and 30% for a ternary system example being Ga70Al30As which is composed of GaAs and AlAs
binary semiconductors within the system. The composition amount for use varied based on the
paper we were trying to recreate in the beginning. Then set values of 75% and 25% for GaInSb
were used towards the end when trying to develop new material systems in the file for InAsN
with one percent nitrogen. The last task in material characterization as stated in the previous
sentence was creating a new material system, InAsN, with no greater than one percent nitrogen.
For this task we turned to the material file in which we created a new ternary material call InAsN
by copying the InAs section and modifying its lattice constant and band gap to that of InAsN.
This change in band gap was calculated based on what the band gap would be at a certain percent
of nitrogen and in our case we mainly worked with one percent. This new section was added at
the end of the material group in the material file and as of right now there is an ongoing research
as to which parameters to modify in order to make the material act more like InAsN within the
Optel ZB 2011 software that would allow accurate data output on the band gap of SL. For now

16

we take the measurement with just the change in band gap and lattice constant to the InAs to
change it to InAsN and compare the two material systems, InAs/GaInSb and InAsN/GaInSb, to
one another to observe the band gap variations with parameters such as well and barrier
thickness.

17

CHAPTER 4
Data and Results
4.1 Preliminary Quantum Well and Superlattice Test
In this section there will be a discussion of how we calculated the theoretical band gaps
using the Optel ZB 2011 software and gnu_plot, (InAs/GaInSb and InAsN/GaInSb) and at the
end a brief comparison of the generated band gap and measured band gap of a sample that was
grown. There will first be a section on the calculations that were started with in order to see how
to properly work the Optel ZB system. This will be followed by short look into data that was
recreated from a paper used in researching some of the different materials used for this
experiment. The next part of the project involved testing the features of the software even further
but with a particular set of information that will be used to compare InAs/GaInSb versus
InAsN/GaInSb, the test involved changing the width of the well and the composition of the In
content in the barrier, the last test would involve turning the strain component off and on within
the system to see how it affected the band gap. Last was the test run on InAsN/GaInSb the
material of interest, this test involved changing the width of the well, the width of the barrier, the
valence band off set and lastly altering the nitrogen percent. All of these tests were used to see
how these parameters affect the band gap of the material.
Steps were taken to see how the software actually ran and compared with replicating
band gap information for fairly well known material such as GaAs/GaAlAs in the literature. The
program was first run on a QW; the first part of the QW that was displayed was the energy levels
that are within the well itself as can be seen in Figure 2. Next the band line up was created and
displayed using gnu_plot, as displayed in Figure 3. After creating the plot for the waveform and
band line up of the QW the next task was to put both of them together in the plot, in the first
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attempt the waveforms were just drawn on the plot without being shifted to their correct
locations, as shown in Figure 4. This attempt is followed by a partly shifted and unshifted shown
in Figure 5 and then finally we reached the plots with the completely shifted waveforms in which
the well in which the waves lie is shown up close with the waves in their correct locations, as in
Figure 6.

Figure 2. Waveforms for GaAs/GaAlAs quantum well, plotted using gnu_plot
The following table, Table 1, lists the characteristics of this particular QW including the depth of
the well itself (shown in Figure 5 and 6). This includes what material it is made of, the
composition percentage of each material, the width of the well, the levels of both energies that is
contained within the well, and then finally as stated the depth of the well in the conduction band.
There will be a series of QW that were tested at different compositions and well thicknesses. As
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these were modified the energy levels within the well (conduction band) was monitored for the
change that occurred along with the change that occurred to the actual depth of the well itself.

Figure 3. Quantum Well for GaAs/GaAlAs with a width of 48 Angstrom

Figure 4. This is the GaAs/GaAlAs quantum well with unshifted energy waves
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Figure 5. Quantum well of GaAs/GaAlAs with shifted and unshifted waves
Table 1.
Quantum well characteristics for the figure 5 and figure 6

Materials

Composition (%)

GaAs

70

AlAs

30

Width (A)

Energy lv.1(eV)

Energy lv.2 (eV)

50

1.504171

1.681768

∆Ec (eV)

.259
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Figure 6. Close up of a Quantum Well along with its two energy levels

Figure 7. Quantum Well of GaAs/GaAlAs is 30 angstroms wide and has one energy level
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The next diagram that was run was of a QW with a smaller width of about 30 Ǻ which did not
alter the depth of the well but it however changed the energy level that is observed in the well
with one confined energy level (Figure 7) instead of the two as previously seen in Figure 6. Its
characteristics are displayed in Table 2.
Table 2.
Characteristics for quantum well pictured in figure 7

Materials

Composition
(%)

GaAs

70

AlAs

Width (A)

Energy lv.1(eV)

∆Ec (eV)

30

1.549360

.259

30

Continuing with the preliminary steps of learning about the Optel ZB 2011 software the next
component that was changed was the composition of the QW barrier which changes the depth of
the well itself. Also the well thickness was changed to see if the energy levels are once again
affected. These changes can be seen in Figure 8 and the characteristics for this well are listed in
Table 3.
The last well run for preliminary testing is shown in Figure 9 and its characteristics are
displayed in Table 4. This particular well is a lot deeper than the other wells in the past
simulation due to a change in composition in AlAs and GaAs in the barrier, resulting in four
confined energy levels that are displayed in the QW.
There was a final comparison of each well run based on the depth of each well and the Al/As
composition. This comparison was used to do a quick measurement of the rate of change in the
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conduction band based on this change in composition. This comparison can be seen in Figure 10,
and the information from each well can be found in Tables 2, 3, and 4.

Figure 8. Quantum well of GaAs/GaAlAs with a width of 100 angstroms

Table 3.
Characteristics for the quantum well in figure 8

Materials

Composition
(%)

GaAs

90

AlAs

10

Width (A)

Energy lv.1
(eV)

Energy lv.2
(eV)

∆Ec (eV)

100

1.448690

1.512269

.105
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Figure 9. Quantum well of GaAs/GaAlAs that is 100 angstoms

Table 4.
Characteristics for quantum well in figure 9

Materials

Composition
(%)

GaAs

10

AlAs

90

Width
(A)

Energy
lv.1(eV)

Energy
lv.2 (eV)

Energy
lv.3 (eV)

Energy
lv.4 (eV)

∆Ec
(eV)

100

1.461097

1.574254

1.765302

2.031330

.851
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Figure 10. comparison of the previous preliminary wells that were run
The next step after finishing testing of the software with QW was to test the Optel ZB
2011 software with SL. This test was done using InAs/GaInSb, with data taken from the
Patrashin et al. [13], in order to see if it was possible to recreate what has already been done in
published papers. This test proved to be quite successful and the graphs that were recreated from
the data from this paper can be seen in Figures 11 and 12. The first, Figure 11, experiment that
was run was a change in the thickness of the well (InAs) to see its effect on the band gap.
The next figure, Figure 12, there is a comparison of the band gap versus a change in the barrier
(GaInSb) of the systems. Both of these figures, Figure 11 and Figure 12, although recreated
from, [13], were not easy to create. Problems arose in the form of reading out files to make sure
that we had the correct band gap, making sure that input files were correct (such as material
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composition, layer thickness, temperature, and lattice constant of material that it is grown on just
to name a few) and figuring out if 4- or 8- band system in the Optel ZB 2011 system was to be
used. It was determined that one could use either one for the QW but for the SL it is required to
use only the 8- band system.

Figure 11 Superlattice InAs/GaInSb with variations in the well to see how the band gap is
changed
4.2 InAs/GaInSb Pretest Before Comparisons
After the beginning test of the Optel ZB 2011 system we moved on to test the SL that is
of interest to InAsN/GaInSb material system and compare with InAs/GaInSb material system.
The three trials that we ran for the InAs/GaInSb sytem, as discussed earlier, were the band gap
versus the well thickness, the band gap versus the In composition, and then the band gap versus
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the strain parameter being set. Some of these tests will be considered when running test on
InAsN system. The next Figures 13, 14, and 15 are of the change in well thickness.

Figure 12. Superlattice of InAs/GaInSb with variations in barrier thickness (GaInSb)
The band gap of the material decreases with well thickness which begins at .231 eV for a
well thickness of 20 Ǻ, decreases by almost half to .139 eV for a well thickness of 30 Ǻ , and
then finally for the well thickness of 40 Ǻ it is at .079 eV.
The next test run was on the change of In composition in the SL along with this change
the well thickness was modified to see if the band gap change would hold consistent at the new
composition along with this a change in the band gap was monitored for the two compositions
that this test was run on. The first three figures (Figures 16-18) out of the next six are all at In
composition of 15 percent and then the next three figures (Figures 19-21) are at In composition
of 25 percent. As was stated earlier both composition were varied in well thickness to see if the
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change in composition would remain consistent, Figures 16-21 depict the changes that were
made.

Figure 13. Superlattice of InAs/GaInSb with well thickness of 20 angstroms

Figure 14. Superlattice of InAs/GaInSb with a well thickness of 30 angstroms
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Figure 15. Superlattice of InAs /GaInSb with a well thickness of 40 angstroms

Figure 16. Superlattice of InAs/GaInsb with well 20 angstroms and In 15 percent
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Figure 17. Superlattice of InAs/GaInsb with well 30 angstroms and In 15 percent

Figure 18. Superlattice of InAs/GaInsb with well 40 angstroms and In 15 percent
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Figure 19. Superlattice of InAs/GaInsb with well 20 angstroms and In 25 percent

Figure 20. Superlattice of InAs/GaInsb with well 30 angstroms and In 25 percent
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Figure 21. Superlattice of InAs/GaInsb with well 40 angstroms and In 25 percent
It can easily be seen in Figures 16-18 at an In composition of 15 % and then also in Figures 1921 at an In composition of 25 % changing the well thickness has the same effect on these two
different SL band gap as it did on the previous run SL (which was at an In composition of 20 %).
With the change in composition also there is a very small change in band gap of about 30 meV
from .248 eV at a (well and barrier thickness of 20 Ǻ) composition of 15 % to about .215 eV at a
composition of 25 %. This same reduction occurs at both a well thickness of 30 and 40 Ǻ for
about the same amount as at 20 Ǻ. The next and last test that was run on InAs/GaInSb during
the pretest was on the strain in the material system. The software Optel ZB 2011 allowed the user
to turn the strain of a layer in the layer file “on” and “off” which lead to the calculations of all of
the heavy and light hole bands that you can see in the previous SL figures. Without being turned
“on” the strain parameter shows just the conduction band and the valence band. Again this test
was run for different well thicknesses to see if the variation effected the change in band gap. The
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well thicknesses were 20, 30,and 40 Ǻ, each length was run with the strain “on” and “off” and
the results are shown in the next six figures (Figures 22-27).
It can easily be seen in the Figure 22 that the strain is “on” due to the fact that the heavy
hole and light hole in both the well and barrier are visible on both. The InAs well is in tensile
strain this is clearly shown by the light hole being on top of the heavy hole and the GaInSb
barrier is in compressive strain which is clearly shown by the heavy hole being on top of the light
hole. The band gap of this SL with strain “on” is 200 meV.
In Figure 23 the well thickness is still 20 Ǻ but the strain parameter in the Optel ZB 2011
system is turned “off”. In the diagram of Figure 23 we only have the conduction band and
valence band showing in both the well and barrier. With the strained turned “off” there is also an
increase in the band gap by about 20 meV, from 200 meV to 221 meV. This is apparent because
it is a known fact that strain in the system causes band gap change to the overall system by
bringing bands either up or down in our case bringing the energy ECB1 down and EHH1 up when
the strain is turn “on”. This occurrence happens at 30 and 40 Ǻ and is shown in the next four
figures (Figures 24-27).
It is apparent in the other four figures that the smaller the band gap the larger the impact
of strain on the material. At well thickness of 30 Ǻ in Figures 24 and 25 the band gap goes from
111 meV with the strain “on” to 149 meV with the strain off, similar to the increase in 20
angstroms well thickness. However when the well thickness is 40 Ǻ and the strain is turned off
the band gap is almost doubled as shown in Figures 26 and 27. This concludes the early test of
InAs/GaInSb. In the following section we will discuss test run on the created material in Optel
ZB 2011, InAsN. This will be followed by a brief comparison of simulation band gap and
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measured band gap of grown material. The initial assumption is that lattice matching involved
with this material will further contribute to band reduction.

Figure 22. Superlattice of InAs/GaInSb with well of 20 angstroms and strain “on”

Figure 23. Superlattice of InAs/GaInSb with well of 20 angstroms and strain “off”
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Figure 24. Superlattice of InAs/GaInSb with well of 30 angstroms and strain “on”

Figure 25. Superlattice of InAs/GaInSb with well of 30 angstroms and strain “off”
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Figure 26. Superlattice of InAs/GaInSb with well of 40 angstroms and strain “on”

Figure 27. Superlattice of InAs/GaInSb with well of 40 angstroms and strain “off”
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4.3 InAsN/GaInSb Testing
The test InAsN SL was first made by running similar test as InAs, to see how change in
well thickness affected the band gap. The next 3 figures (Figure 28-30) show the well thickness
at 20 Ǻ, 30 Ǻ and 40 Ǻ along with their different band gaps. Figure 28 shows the band gap of the
InAsN/GaInSb SL and it is about 218 meV. There was difficulty running the software at the
simulated temperature of 300K for this material so it was run at 4K. There was overlap of the
bands at higher temperature with this particular material design; this problem was alleviated at
lower temperature. After having shown the band gap profile of the SL in these three figures a
detailed examination of the InAsN/GaInSb band gap was carried out by studying a change in the
band gap versus barrier thickness, band gap versus well thickness for both InAs and InAsN, band
gap versus valence band offset and band gap versus nitrogen percent.

Figure 28. Superlattice of InAsN/GaInSb with well of 20 angstroms and N one percent
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Figure 29. Superlattice of InAsN/GaInSb with well of 30 angstroms and N one percent

Figure 30. Superlattice of InAsN/GaInSb with well of 40 angstroms and N one percent
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As exhibited in Figures 28-30 for InAsN/GaInSb the trend with the change in band gap with a
change in well thickness holds true for these three different SL as the band gap decreases when
well (InAsN) increases. The band gap starts at 218 meV as mention earlier then decreases to 121
meV for a well thickness of 30 angstroms and then finally it decreases even further to 61 meV at
a well thickness of 40 angstroms. This shows that the same trend occurs with InAs as well as
InAsN. After running this simple test we now look even closer at InAsN band gap characteristics
while hoping to gain enough insight to perform even greater test in the future. The first test that
was run was the barrier thickness of InAsN/GaInSb versus the band gap. This is shown in Figure
31 and from the figure you can see that the band gap change is very small compared to the
change in barrier thickness which appears to increase linearly with increase in barrier.

Band Gap vs Barrier of InAsN/GaInSb
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Figure 31. Superlattices of InAs99N01/Ga75In25Sb band gap versus the barrier
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As stated before the change in band gap with variation in barrier is quite small with the variance
being about 27 meV (subtracting the band gap at 20 Ǻ from band gap at 60 Ǻ) overall and the
change from one barrier to the next varies from 1 meV to as high as 5 meV. It is to be noted that
these SL were run at a temperature of 4K because the system at the temperature 300K was
overlapping and unreadable when trying to read the band gaps for these different SL. The next
test that was run was the band gap versus the well thickness. On this particular graph comparison
has been made to InAs at this temperature, 4K, to provide an overall view of how the band
reduction occurs due to the one percent addition of nitrogen to the system.

Band Gap vs Well Thickness
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Figure 32. Superlattices of InAs99N01/Ga75In25Sb and InAs/Ga75In25Sb band gap versus the well
thickness
From Figure 32, it is evident that the addition of nitrogen to this theoretical system has lead to
band reduction at all well thicknesses except at 60 Ǻ, a well thickness we couldn’t read due to
overlap. This change in band gap starts small then increases as the well thickness increases,
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starting at 21 meV being the difference in band gaps of InAs and InAsN at 20 Ǻ. Then increasing
to about 45 meV for 55 Ǻ. The band gap for both InAs and InAsN decreases with increasing well
thickness the rate of change for both is about the same.

Band Gap (eV)

Band Gap vs VB offset of InAsN/GaInSb
0.27
0.265
0.26
0.255
0.25
0.245
0.24
0.235
0.23
0.225
0.22
0.215
0.21
0.205
0.2

Band Gap

-0.51 -0.52 -0.53 -0.54 -0.55 -0.56 -0.57 -0.58 -0.59
Valence Band offset eV

Figure 33. Superlattices of InAs99N01/Ga75In25Sb and InAs/Ga75In25Sb band gap versus the
valence band offset
In the Figure 33 above the band gap is found to be a linear function of the valence band offset
which has very little effect on it changing it at a rate of 5 meV for every -10 meV decrease in the
valence band starting at -510 meV and then going down to -590 meV. It should be noted that the
-590 meV is the starting valence band offset for InAs, the valence band offset that should be used
for InAsN at one percent is unknown and is one of the parameters being researched in order to
accurately calculate the band gap. Using InAs as a base however we believe that the values will
serve as a good starting point for InAsN.
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Band Gap vs Nitrogen % in InAsN
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Figure 34. Superlattices of InAs99N01/Ga75In25Sb and InAs/Ga75In25Sb band gap versus the
nitrogen percent
The most difficult test to run is shown in Figure 34, which is the band gap of the SL versus the
nitrogen percent in InAsN. This test proved to be quite challenging in that in order to recreate the
correct percent for nitrogen our two main parameters in the material.inp file were changed for
this test. Both the lattice constant and band gap of InAs were changed in order to create a match
for InAsN. The data was collected at a well and barrier thickness of 20 Ǻ and a valence band
offset of -590 meV, this data for the band gap is believed to be off for 0.1 percent nitrogen based
on band gap reduction expected in the InAsN system but the values seem to be reasonable for 0.5
and 1 percent nitrogen.

43

Figure 35 Superlattice of InSb/InAs/InSb/GaSb with well of 42 angstroms
The last thing that will noted in this section is that there was a test run to see how
accurate the simulation data is to grown material with characteristics of InSb/InAs/InSb/GaSb
where InSb is the interfacial layer. These layers are hard to simulate because layer thicknesses
need to be greater than 4 mono layers (ML) which is about 10 to 12 Ǻ. The well thickness of
InAs was about 42 Ǻ, the barrier thickness of GaSb was 21 Ǻ and the interfacial layer thickness
of InSb was 3.029 Ǻ (smaller than the allowed thickness for the software). The test were
simulated at 4K and 300K with two different reference layers but the one we are most concern
with is at 300K with the reference layer as InAs the band gap is about .075468 eV, shown in
Figure 35. This was determined to be good because the measured band gap for this material was
between 15 and 16 µm which corresponds to around what was simulated. The material was
measured with FTIR system at 300K. Although this test proved to be close in value to what we
would like simulations to do in the future it has been determined that Optel ZB 2011 is a long
way from being a software that we could use to help grow material from, based on simulation
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calculations because of its many limitations such as not being able to simulate accurate
interfacial layers and temperatures of 300K with InAsN. This limitation along with other
problems and future work will now be discussed in the conclusion.
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CHAPTER 5
Conclusion
In conclusion it is quite evident from the simulations of InAs/GaInSb and InAsN/GaInSb
that the use of InAsN well brings about reduction in the band gap thus making it more suitable
for very long wavelength infrared devices. This is due to the band gap reduction in the InAs
system due to the introduction of nitrogen with simultaneous reduction in the band gap. The
simulation of the structure allows the initial estimate of the band gap using the Optel ZB 2011
software. With this information the high cost of creating samples for testing can be circumvented
by simulating the samples before hand to see what the band gap will be. It will also help with
time, as it takes a long time to create a sample it only takes a few seconds to run a simulation of a
sample and gain some idea of what the band gap will be. The hesitation if any to use this method
comes in the form of material characteristics. The amount of detail needed to recreate the
samples that you want can be quite difficult to obtain and even harder to simulate. Case in point
the software is not suitable to simulate with the intentional interface introduced between the
constituent layers of thickness below 4 ML. Experimentally less than 4 ML is being used of the
desired layer composition such as GaAs or InSb at the interfaces, which play a key role strain
balancing the structure. This lack of simulation is a big handicap of this simulation program. A
problem that arose was the difficulty in using the software. First the simulations were run using
the command prompt, with the files being edited in note pad and gnuplot used to graph the final
results. Running all of these programs doesn’t really make the software user friendly. Also the
final data outputs can be difficult to read in note pad thus making it hard to implement the graphs
needed to interpret the simulation results. As stated the information has to be entered into data
files in note pad and be quite difficult to update. Also note that the amount of information
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entered in the files can be extensive. There needs to be large improvements in uploading this
information into files along with a separate interface for running the files outside of using the
command prompt. I believe that improvements such as the one mention will make this program
more suitable in the future for users to use in simulations thus allowing for all of the advantages
that were stated earlier. Currently we are looking into other characteristics of InAsN that can be
added to the program for even greater detail to make sure that we have the correct band gap this
process is not only long but hard, for example a parameter that is being considered to add is the
bowing parameter of the material. Also we would like to run the material at a temperature of
300K but as of right now as stated earlier the bands overlap while running the simulation no
matter the well thickness, barrier thickness, Indium composition, or strain parameter being “on”
are changed. These concerns are part of the future work that will be done with this simulation
software we hope to manipulate the material.inp file even further in the future so that other
materials can be created and worked on not just InAsN, which was a material we created in order
to run simulations on within the software. As stated before the only difference between InAs and
InAsN in the material file was the band gap and lattice constant future work we hope to change
InAsN even further allowing us to better predict its band structure and band gap within the
software. The advancement in simulations software should allow us to cut both cost and time in
the future while trying to characterize materials in the future.
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